The composition of the soil macroarthropod community was studied in three forest stands which constitute a gradient of increased fire frequency. All stands were adjacent to each other, on the foothills of Mt. Penteli, Attica, Greece, and they shared similar physiography, climate, altitude, while their original pre-fire vegetation was a well-developed Pinus halepensis forest. The stands were severely burned by a large fire early in summer 1995. Two of them had been burned previously: the first in 1978 and the second in 1978 and 1987. Sampling was carried out during the 2nd year after the last fire event. Although the phenology of soil macroarthropods was not altered in frequently burned stands, the number of taxa collected, as well as their population size, was extremely low. Canonical Correspondence Analysis showed that fire frequency does not directly affect soil arthropod communities, but influences them through increased abundance of specific plant groups, i.e., phrygana vegetation and legumes. Seasonality of climate seemed to be another significant factor controlling the structure of macroarthropod communities in the stands studied.
INTRODUCTION
Soil arthropods participate actively in soil physical, chemical, and biological processes (e.g., Mcbrayer and Reichle, 1971; Mcbrayer et al., 1977; Tian et al., 1997) and they contribute to the creation and maintenance of a good soil quality (Anderson, 1988; Schrader et al., 1997; Knoepp et al., 2000) . The community of soil arthropods is highly sensitive to any soil disturbance since the soil sub-system is its habitat and the source of all supplies required by the animals (Lavelle et al., 2006) . Consequently, soil arthropods could be placed among the best potential bio-indicators of ecosystem health and balance (e.g., Hogervorst et al., 1993; Kay et al., 1999; Radea and Arianoutsou, 2002) .
Fire is considered as the predominant natural disturbance that has shaped landscapes and ecosystems across low elevation areas around the Mediterranean basin. The ef-fects of fire on soil invertebrates have been investigated in various ecosystems such as coniferous and deciduous forests, shrublands, and grasslands. Results of these studies show that fire regime, i.e., fire intensity (Springett, 1979; Radea and Arianoutsou, 2000; Antunes et al., 2009) , fire frequency (Springett, 1976; Abbott et al., 1984; Cook and Holt, 2006; Moretti et al., 2006) , and season of burning (Sgardelis et al., 1995; Radea and Arianoutsou, 2000) constitute the factors affecting both arthropod abundance and community composition in the soil subsystem after a fire event. Fire may exert an effect on soil fauna either directly, through mortality, or indirectly by changing plant community composition and foliar characteristics, reducing or eliminating organic horizon, and modifying soil moisture and temperature (e.g., Springett, 1976; Athias-binche et al., 1987; Prodon et al., 1987; Greenberg et al., 2010) .
Pinus halepensis forests are the forest ecosystems in the European Mediterranean Basin most affected by fire (Arianoutsou, 2001; Pausas and Keeley, 2009 ). However, our knowledge of how recurrent natural fires in Aleppo pine forests influence the soil arthropod fauna is for the most part unknown. The aim of this study was to examine the effects of fire on the composition of soil macroarthropod communities across a gradient of Pinus halepensis stands recovering after recurrent fire events. It was hypothesized that (1) recurrent fires decrease the number of taxa and the density of soil macroarthropods, (2) there is a prominent role of vegetation upon the composition of soil arthropod communities in frequently burned stands, and (3) seasonality of climate (that is, the succession of wet and dry seasons of the year) influences strongly the soil arthropod communities in all burned stands.
MATERIALS AND METHODS
The study stands are located in the Pikermi area, 20 km NE of Athens, on the foothills of Mt. Penteli (1204 m a.s.l.). The climate of the area is typical Mediterranean. The highest mean monthly temperature in summer reaches 26 ºC. Annual precipitation is 434 mm, 87% of which is concentrated in the wet period. Until the early 1970s, the largest part of the mountain was covered by Pinus halepensis forests, while in the lowland peripheral zone shrublands and agricultural lands were encountered. Land use patterns changed when urbanization pressure started in the surroundings of Athens. At the same time a number of fires burned over in several areas of the mountain, creating thus a mosaic of patches with different fire history .
Early in summer 1995, an area of nearly 7,000 ha covering the southeastern parts of the mountain was severely burned (Ntouros, 1995) . The burned landscape consisted of patches of mature (>50-yr-old) pine forest (3100 ha) co-existing with younger pine forest of different post-fire age (875 ha).
Within the periphery of the burned mature forest, at the Pikermi locality, an area of 90 ha (Pik50) was selected. Two adjacent pine communities that had been re-burned in 1978 (Pik17) and in 1978 , covering an area of 110 and 40 ha, respectively were also selected. The selection of the specific stands was based on the degree of similarity in their characteristics, i.e., they overlie on tertiary deposits and are located on south-facing slopes at an altitudinal zone of 180-200 meters a.s.l.
Given the fact that all environmental parameters (climate, geology, aspect, elevation) were similar among the studied stands, the role of vegetation upon the structure of soil arthropod communities could be prominent.
Plant community analysis was performed in autumn, spring, and summer of the 2nd year after the last fire event by applying the line transect sampling method, which is more advantageous over the traditional plot sampling method since it allows the survey of a wider part of the community within a minimum time (brower et al., 1990) . Accordingly, three 50-m-long line transects were randomly established in each of the three study stands, keeping a minimum distance of 200 m between them. All plants, growing at or intercepting transects were recorded. based on these records, species abundance was evaluated for each stand.
Since the effect of vegetation upon soil biota operates mainly through the litter produced (see for example di Castri and Vitali-di Castri, 1981; David et al., 1999) , plant taxa recorded in the stands were grouped according to their leaf litter characteristics. Four groups were identified for woody plant species, i.e., pines, evergreen sclerophyllous shrubs (maquis), seasonal dimorphic shrubs (phrygana), and dwarf shrubs. The "pines"group consists of Pinus halepensis, with needle-leaf litter. The "maquis" group encompasses tall sclerophyllous shrubs such as Pistacia lentiscus and Quercus coccifera, which form litter with tough leathery leaves. The "phrygana" group, being the richest in terms of species number and including primarily Cistaceae (e.g., Cistus spp.), shrubby Leguminosae (e.g., Genista acanthoclada, Anthyllis hermanniae), and Labiateae (e.g., Satureja spp., Teucrium spp.), produces litter with soft leaves. Finally, the group of "dwarf shrubs" comprises all other short woody species (e.g., Asparagus spp., Osyris alba, etc.) with narrow or needle-like leaf litter. Herbaceous plant species were classified into three groups, i.e., legumes, grasses, and forbs, as proposed by other authors in relevant studies (e.g., Siemann et al., 1998; Symstad et al., 2000; Whiles and Charlton, 2006) .
Soil macroarthropods were collected from randomly chosen quadrates located along the 50-m-long transects. In each stand, 5 quadrates of 50 ´ 50 cm (with a minimum distance of 50 m from each other) per transect and sampling period were carefully surveyed between 9.00 and 11.00 am using a pincer and an aspirator (see Sgardelis, 1995) .
The specimens were preserved in 75% ethanol solution with 5% glycerine; they were identified to the level of order and counted under a stereomicroscope (Zeiss Stemi 2000-C). Sampling took place in three periods of the year (spring, summer, autumn) during the second post-fire year (1997) in all studied stands.
Canonical Correspondence Analysis (CCA) was performed for the ordination of studied stands based on the response of soil macroarthropods to nine environmental variables: fire frequency (values in nominal scale), plant group abundance [i.e., maquis, phrygana, pines, dwarfs, legumes, grasses and forbs (values in ordinal scale)] and season of the year [wet and dry season (values in nominal scale)], using the statistical program CANOCO TM 4.5 for Windows (Ter Braak, 1996) . Nine (9) soil macroarthropod taxa were identified for Pik50, seven for Pik17, and six for Pik8. A slight variation in the total mean annual density was recorded among Pik50, Pik17, and Pik8, that is, 0.68, 0.79, and 0.20 ind/m 2 respectively. A list of macroarthropod taxa and their relative abundance (%) in the soil community is provided per sampling period in Fig. 1 .
The ordinal-level composition of the soil macroarthropod fauna differed at the three stands studied. Specimens of Pseudoscorpionida, Coleoptera (both adults and larvae), and Phalangida were exclusively found in the mature stand (at the time of burning) Pik50; specimens of Lithobiomorpha, Iulida, and Dermaptera in the young stand (at the time of burning) Pik17; while Dictyoptera were collected from Pik17 and Pik 8, the very young stand at the time of burning.
Coleoptera adults (28.7%), Hemiptera (28.1%), Coleoptera larvae and Geophilomorpha (both with 11.2%) in Pik50; Iulida (32.6%), Araneae (27.7%), and Dermaptera (16.3%) in Pik17; and Araneae (54.9%), Dictyoptera (26.1%), and Geophilomorpha (13.1%) in Pik8 were the taxa showing the highest relative abundance annually.
Canonical Correspondence Analysis (CCA) was performed using the abundance of soil arthropod groups as dependent variables and the environmental variables mentioned above as independent variables. Results of CCA revealed that a high percentage of the variance of taxa abundance (61.2%) can be explained by the first three canonical axes (Table 1 ). The ordination of groups of sites and of the arthropod taxa is depicted in planes of the first three significant axes of CCA (Figs. 2a,b) . Due to the high mutual correlation between the abundance of phrygana and herbaceous legumes (Table 2) , intraset correlation coefficients were used for interpreting canonical axes (Ter Braak, 1996) . Intraset correlation coefficients are presented in Table 3 .
A Monte Carlo permutation test was used for the evaluation of the relationship between macroarthropod taxa and the whole set of environmental variables. Most significant relationships were found with the abundance of phrygana (F = 2.744, p = 0.0005), season of the year (F = 2.038, p = 0.0285), and herbaceous legumes (F = 2.016, p = 0.0460). Axis 1 accounted for 30.0% of total variance in macroarthropod abundance and was mainly correlated (negatively) with the abundance of phrygana (Table 3) . Therefore Axis 1 was a gradient of decreasing phrygana abundance that separated all samples collected from Pik17 as well as those from Pik8 during summer from all other samples. It also separated Lithobiomorpha, Araneae, Isopoda, Iulida, Dermaptera, and Dictyoptera, which were mainly found in samples from stands and periods characterized by high phrygana abundance.
Canonical Axis 2 accounted for 18.6% of total variance in abundance data. It was correlated with the season of the year (Table 3) , displaying a gradient from wet to dry periods of the year. It is remarkable that all samples collected from the very young forest stand at the time of burning, Pik8, even those collected during spring and fall, were projected on the positive part of Axis 2 indicating the dry period of the year. This axis also separated Lithobiomorpha, Araneae, Thysanura, Pseudoscorpionida, Phalangida, and adult Coleoptera, which were mainly collected during the dry period of the year.
Canonical Axis 3 accounted for 13.2% of total variance in abundance data and was negatively correlated with the abundance of herbaceous legumes (Table 3) . Axis 3 separated Thysanura, Geophilomorpha, Dermaptera and Dictyoptera, which were poorly associated with herbaceous legumes, from all other taxa.
DISCUSSION
The macroarthropods collected in Pikermi are fast-moving animals (Araneae, Phalangida, Dictyoptera, Lithobiomorpha), they have the capacity to burrow or to make use of small soil crevices (Iulida, Geophilomorpha), they tolerate the dryness of Mediterranean ecosystems (Araneae, Phalangida, Dictyoptera), they are able to move down during summer (Geophilomorpha), they have a thick cuticle (Iulida, Coleoptera adults) (see Wallwork, 1970; Petersen and Luxton, 1982; Athias-Binche et al., 1987) . These adaptations could increase the chance of these animals to survive both fire events and post-fire conditions, showing their adaptation to fire (Wikars and Schimmel, 2001; Hartley et al., 2007) . Despite the above adaptations, the number of taxa collected, as well as the density of their populations in the studied stands (0.20-0.79 ind/m 2 ), was extremely low compared to four unburned mature Aleppo pine forests of central ind/m 2 ) (see Table 4 for details) (Legakis, 1986; Radea, 1989; Karamaouna, 1990; Marmari, 1991) . Broza and Izhaki (1997) have found similar results in comparing the structure of soil macroarthopod communities in burned and unburned Aleppo pine forest of Israel during the 2nd and 3rd year after fire. The decline of densities in burned sites during the 2nd and 3rd year after fire has been reported to be more pronounced for some taxa such as Geophilomorpha . Additionally, tenebrionids Coleoptera are also reported to be sensitive indicators of habitat transformations caused by fire in a P. pinea plantation, showing important changes in community structure between woodlands and burned open habitats (Fattorini, 2010) . It is well-known that soil arthropods depend on structural and microclimatic features of organic horizons and, Table 4 Soil macroarthropods, in ind/m 2 , in the studied stands and four unburned Pinus halepensis forests of central Greece.
(1) Radea (1989) , (2) Marmari (1991) , (3) Karamaouna (1990) , (4) Legakis (1986) therefore, may be sensitive to fuel reduction that alters this habitat (Greenberg et al., 2010) . These alterations are obviously more profound in severely burned areas, where the consumption of the organic horizon (depth of burning) is high or complete (Ahlgren, 1974; Springett, 1979, Radea and Arianoutsou, 2000; Wikars and Schimmel, 2001) as in the case of Pikermi stands, which were all severely burned. Although the fauna of each studied stand has its own characteristics, some similarities are observed in the relative abundance of Araneae and Dictyoptera. The comparison of stands as regards these fast moving epigeic taxa suggests that the sequence of increasing relative abundance is Pik50 < Pik17 < Pik8. Araneae (a predatory taxon) seem to be resistant to frequent mild fires (Moretti et al., 2006) , while the abundance of scavengers feeding on plant and animal remains (like Dictyoptera) has been found to be high in burned areas (Antunes et al., 2009 ). Araneae and Dictyoptera may have taken advantage of the abundant food in the post-fire mosaic of soil habitats (Moretti et al., 2004) . Taking into account that most relevant studies on these taxa concern frequent mild fires or a single severe fire, a better taxonomic resolution of Araneae and Dictyoptera collected is probably required for explaining the above sequence and for understanding the response of these taxa to frequent and severe fires.
On the contrary Geophilomorpha, a humicolous taxon, at least during the dry summer period of the year when the fire event occurred, show quite similar relative abundances in the three stands. They were found under stones where they seek refuge failing a wellformed organic horizon. It seems that the deep organic horizon layers, where this taxon thrives, protect it from the impact of frequent summer fires. This finding corroborates the conclusions of Prodon et al. (1987) and Moretti et al. (2006) .
It is interesting to note that Pseudoscorpionida and Coleoptera (both adults and larvae), as well as Lithobiomorpha, Iulida, and Dermaptera which were exclusively found in Pik50 and Pik17 respectively, took shelter under stones like Geophilomorpha. Apart from adult Coleoptera (Tenebrionidae) having thick cuticles all the other orders consist mainly of hygrophilous taxa thriving in loose litter, under the bark of fallen decaying trees and in rock crevices (Wallwork, 1970) in unburned ecosystems.
The results derived from Canonical Correspondence Analysis denote that the abundance of herbaceous legumes and phrygana and the seasonality of climate have the most profound effects on the qualitative and quantitative composition of the soil macroarthropod community.
The significance of herbaceous legumes and the phrygana group for soil fauna is explained by the leaf litter they produce. During the early stages of the post-fire recovery process, resprouters and seeders such as maquis species and pines, respectively, do not shed leaves as massively as the annual herbaceous legumes do (Kazanis and Arianoutsou, 1996) . The leaf life-span of P. halepensis, Q. coccifera, and P. lentiscus is 35.5, 15.6, and 30 months respectively (Gratani and Bombelli, 2001; Mediavilla et al., 2008) . Therefore, the litter of herbaceous legumes would serve as the major input of high-quality organic matter to the soil (Radea and Arianoutsou, 2004) . Additionally, the phrygana group, which consists mainly of summer semi-deciduous shrubs, shed a high quantity of relatively large size soft leaves just before summer drought (Arianoutsou and Margaris, 1981; Fioretto et al., 2003) . Obviously, herbaceous legumes and phrygana contribute greatly to the formation of an organic horizon that is rudimentary, but indispensable for soil fauna during the first years after fire.
The post-fire abundance of macroarthropod taxa in Pikermi shows fluctuations during the sampling period. This dynamics might be due to both demographic processes and seasonality of climate. In fact, the succession of the wet and dry periods of the year was found to be a very significant environmental factor controlling the abundance of soil macroarhtropods in Pikermi stands. The phenology of soil macroarthropods has not been altered even after the frequent fires in Pik17 and Pik8, although fire may cause changes in the phenology of some taxa according to Sgardelis et al. (1995) . The highest number of taxa and individuals in Pikermi was recorded during the wet period of the year. This temporal pattern has also been observed in unburned Aleppo pine forests of Greece (Radea, 1989; Marmari, 1991) and in burned and unburned Aleppo pine forests of Israel (Broza and Izhaki, 1997) , as well as in burned phryganic ecosystems of Greece (Sgardelis et al., 1995) . According to the latter authors the seasonality of the Mediterranean climate imposes greater variations of arthropod abundance than those caused by fire.
The effect of fire frequency on the communities of soil macroarthropods is indirectly depicted through the changes that occurred in vegetation structure.
In the case of P. halepensis forests, fire frequency is known to cause many changes in vegetation structure because it defines the ability of several plant groups to regenerate (Kazanis and Arianoutsou, 2004; Eugenio et al., 2006; Kazanis et al., 2007) . It is wellknown that vegetation controls soil biota mainly through the quantity and quality of litter, the main input to the soil organic horizon, and the physical effects of vegetation cover on soil microclimate and surface protection (e.g., Swift and Anderson, 1994; David et al., 1999; Chikoski et al., 2006) . Especially in Mediterranean ecosystems, vegetation cover and quantity of soil organic matter constitute key factors controlling community structure and population dynamics of soil fauna (di Castri and Vitali-di Castri, 1981; Swift and Anderson, 1994; Radea and Arianoutsou, 2002) . Considering that the populations of soil fauna aggregate gradually following the post-fire building of organic horizon , and that repeated fires with short intervals between successive events decrease the amount of soil organic horizon (Moretti et al., 2004; Eugenio et al., 2006) , the role of plant abundance and litter production after the last fire event appears to be crucial. The significance of phrygana and herbaceous legume abundance for soil macroarthropods in burned areas becomes more obvious when the timing of the litterfall is taken into account. Litterfall from these plant groups takes place in summer, and the accumulated organic matter contributes to the improvement of soil microclimate and maintenance of soil community structure and function during this harsh period. Thus in Pik8, where the abundance of phrygana and legumes was low and the organic horizon was almost completely absent, the abundance of macroarthropods sampled during fall and spring was quite similar to that of the unfavorable dry summer period.
Our work shows that although soil biota of Mediterranean forests are adapted to fire, fire frequency is crucial in defining structure and abundance of soil arthropod communities.
